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LONG-TERM GOAL

The overall goal of thiswork isto understand how vigble light propagates through seaice. In
particular, | wish to understand how the physical properties of seaice determine the beam spread
function (BSF) and, conversely, to understand how measured BSFs can be used to deduce the
scattering properties of seaice.

OBJECTIVES

Thetwo objectives of thisyear’ swork were (1) to finish anadyzing the BSF data taken during the
main fied experiment of the Electromagnetic Properties of Sealce (EMPOS) Accderated Research
Initiative at Barrow, Alaskain 1994, and (2) to investigate the extent to which it is possible
to mode light propagation in sea beginning with the ice physical properties. In particular, |
wished to show that classical radiative transfer theory (rather that a full electromagnetic
treatment beginning with Maxwell’ s equations) is adequate to model BSFsin seaice.

APPROACH

It is particularly difficult to measure beam attenuation coefficients and scattering phase
functionsin seaice. In separately funded work, R. Maffione therefore devised an ingenious
experiment in which optica beam spread was measured between pairs of holes drilled in the ice
(Maffione and Mabley, 1997a). The unique data obtained in this manner give the BSF aong
horizonta paths within theice, asafunction of depth within the ice and path length (distance
between the holes).

Because sea ice is primarily a scattering (rather than an absorbing) medium, the BSF is
particularly sensitive to the angular shape of the scattering phase function. Therefore, the
measured BSF data can be used asthe basisfor an implicit inverse model to deduce the ice phase
function, which cannot bemeasured in situ. A Monte Carlo codefor predicting the BSF giventhe
absorbing and scattering properties of the ice was devel oped during the previous year (Mobley,
1996). Theinversonisthen effected by varying the phasefunction in the Monte Carlo modd until
agreement between the predi cted and measured BSFsisobtained. Thephasefunction so deducedthen
can be used asinput to the Hydrolight radiative transfer numerical model (Mobley, 1995) to
predict other quantities of interest, such as albedos or heating rates within the ice.



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
30 SEP 1997 2. REPORT TYPE 00-00-1997 to 00-00-1997
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Modeling of Optical Beam Spread in Sea lce £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Sequoia Scientific, Inc,9725 S.E. 36th Street, Suite 308,M er cer REPORT NUMBER

Island,WA,98040

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 5
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



WORK COMPLETED

TheMonteCarloBSFmodd wasusadtoandyzethe 1994 EMPOS BSFdataasdescribed dbove. The
absorption coefficent of theicewasknown fromindependent messurements made (by G. Cota) during
thefidd experiment. Theinversion of the BSF datathen gave the scattering coefficient and phase
function that were cons stent with the measured BSF. The absorption and scattering properties
of the ice were then used asinput to exact radiative transfer simulations (using Hydrolight) of
daylight propagation within the ice. The limits of diffusion theory for modeling light
propagation in seaice were examined.

RESULTS

Severd mgor results were obtained from the modeling studies. Firdt, inversion of the BSF data
showed that withintheinterior of theice (at Barrow site2, May 1994, at awavel ength of 670 nm),
aone-term Henyey-Greengein (OTHG) scattering phase function with an asymmetry parameter of g
=0.98 is consigtent with the BSF data; the scattering coefficient o is approximately 200 m™. The
measured absorption coefficient of k ~ 0.4 m™* then gives an abedo of single scattering of 0.998.
Thesevauesare cons stent with previous estimatesfor ice of thetypefound at Barrow (Perovich,
1996). Computations carried out (under separate funding) by T. Grenfell starting with measured
ice physica properties (brine pocket and air bubble size distribution statistics) and using Mie
scattering theory gave similar results for the ice scattering properties (see Mobley, et a.,
1997). Figure 1 shows the good agreement between predicted and measured BSFs.
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Second, Monte Carlo modeling shows that the approach of the BSF to its asymptotic valueis
extremely dow, even though theiceis highly scattering (Maffione and Mobley, 1997b). Thisis
both becausethe BSF arisesfrom apoint light source and because theice phase functionishighly
peaked in the forward direction. Figure 2 shows the dependence on optica distance T from the
light source of a diffuse attenuation function (K function) for the BSF; the K function is till
26% larger than its asymptotic value after 300 optical path lengths.
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Third, classcal diffusion theory can be used with reasonable accuracy to mode the propagation
of sunlight within the interior of the ice (Mobley and Maffione, 1997). Diffusion theory isvalid
in this situation because distributed light sources, such as sky light incident onto the air-ice
surface, develop an asymptotic radiance distribution much faster (within a few tens of optical
path lengths) than do point light sources. Figure 3 showsthe agreement between K as predicted
by an exact radiative transfer model (Hydrolight) and the K value given by diffusion theory.
Moreover, diffuson theory can be inverted to get an estimate of the ice scattering properties
from easily made measurements of ice absorption and diffuse attenuation (M obley and Maffione,
1996; Maffione and Mobley, 1997a)
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Findly, note that the good agreement between measured data and various radiative transfer
predictions (Mobley, et al., 1997) shows that classical radiative transfer theory adequately
describes visible light propagation in seaice.

IMPACT/APPLICATIONS

Light absorption and scattering in sea ice play a central role in ice thermodynamics, in
biological productivity below the ice, and in some remote sensing. Obtaining a self-consistent
set of inherent optical properties of seaice—in particular the scattering phase function — opens
the door to the extensive use of radiative transfer theory for solving problems related to light
transfer in seaiice.

TRANSITIONS

There have been no trangtions of the seaicework per se. However, the Monte Carlo BSF model
deve oped here, whichisquitegenera and also can compute point spread functions, has been used
for modelingunderwater point spreadfunctions. Thismode canaddressmany problemsassociated
with underwater imaging systems.

RELATED PROJECTS

1. The BSF modeling described hereisbeing carried out in close cooperation with R. Maffione,
who is separately funded by ONR.

2. Themodeling of daylight propagation in seaiice as related to biological productivity beneath

theiceisbeing carried out in collaboration with G. Cota and R. Maffione, who are separately
funded by ONR.

3. | have collaborated with T. Grenfell (separately funded by ONR) on his modeling of ice
scattering properties using Mie theory.
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